1. Introduction {#s0005}
===============

The development of safe and effective vaccines to protect young children against respiratory syncytial virus (RSV) illness is a global health priority [@b0005], [@b0010]. RSV is a major cause of lower respiratory infections (LRI) among young children globally [@b0015], [@b0020]. While nearly all children will have been infected by RSV by two years of age [@b0025], the infections during the first months of life can be the most severe [@b0030]. In addition to its acute effects, early childhood RSV illness has been associated with subsequent development of wheeze-associated disorders later in life [@b0035], [@b0040]. Vaccination of pregnant women against RSV may protect their infants against RSV illness during their first months of life, primarily through maternal antibodies transported across the placenta [@b0005]. While licensure of RSV vaccines for use during pregnancy is likely to be sought for the primary indication of preventing acute RSV illness in young infants, the public health value of maternal RSV vaccines would be greater if the vaccine also prevented wheeze-associated disorders [@b0005]. Studies to assess the effects of RSV prevention on these childhood respiratory outcomes have been recommended by experts convened by the Bill & Melinda Gates Foundation [@b0035], the Lancet [@b0045], and the World Health Organization (WHO) [@b0010]. However, the sample sizes required to detect an effect on such outcomes in randomized clinical trials (RCTs) have not been calculated.

Wheeze-associated disorders in childhood are a common cause of morbidity globally. Wheezing can be severe and can lead to decreased quality of life, frequent healthcare utilization, and high economic costs in young children [@b0045], [@b0055], [@b0060], [@b0065]. Recurrent wheezing may resolve as children age, but for others, the symptoms can persist [@b0055], [@b0065]. The diagnosis of asthma as a cause of recurrent wheezing cannot be objectively made using lung function until about 5 years of age [@b0035], [@b0055]. Definitions for recurrent childhood wheezing typically include multiple episodes of wheezing since birth among children younger than 5 years of age [@b0040], [@b0070], [@b0075].

In 2017, the WHO Initiative for Vaccine Research assembled a technical working group to estimate the sample size required for RCTs of RSV vaccination during pregnancy to demonstrate an effect on recurrent childhood wheezing. This report describes the output of the deliberations. The goal of the work was to inform public health expectations and planning for maternal RSV vaccines, so the working group focused on studies in general communities, rather than in high-risk subgroups.

2. Methods {#s0010}
==========

2.1. Study design {#s0015}
-----------------

We estimated the RCT sample size that would be required to demonstrate an effect of RSV vaccination during pregnancy on recurrent childhood wheezing through 3 years of age. We chose this endpoint because recurrent childhood wheezing is an important cause of paediatric morbidity [@b0055], [@b0065]. Additionally, RCTs with recurrent childhood wheezing as a primary endpoint will likely be more favourable than other childhood respiratory outcomes for several reasons. First, an outcome that could be assessed at a younger age is advantageous, because longer trials have higher rates of losses to follow-up and are more costly. Second, recurrent wheezing at 3 years is expected to have a higher prevalence than asthma at 5 years [@b0065], [@b0080], increasing the statistical power for a given sample size. Third, if some portion of asthma at 5 years is caused by early infant RSV exposure, it is plausible that recurrent wheezing at 3 years mediates this relationship. Fourth, atopy and environmental risk factors are more likely to be found in children with asthma than in children with recurrent wheeze [@b0045], [@b0075], [@b0085], [@b0090], indicating that early RSV illness may contribute a larger attributable fraction to recurrent childhood wheezing at 3 years than to asthma at 5 years.

We based our approach on an earlier study that estimated the detectable risks in observational studies of potential foetal benefits of maternal influenza vaccination [@b0095]. The approach is described in the following illustrative example. Suppose that 1000 mother-infant pairs were randomized to each arm of a placebo-controlled RCT of a maternal RSV vaccine. If the baseline risk of vaccine-preventable early infant RSV illness in the population is *r*, then approximately 1000 × *r* infants born to women in the placebo arm will acquire RSV illness during the vaccine-preventable period. In the vaccine arm, prevention of infant RSV illness is proportional to the vaccine efficacy (%), *VE*, implying that 1000 × *r* × (1 − *VE*) infants born to women immunized against RSV will acquire an RSV illness. Supposing an attack rate of 20% (*r*) and vaccine efficacy of 50% (*VE*), we would expect 200 cases (= 1000 × 0.2) of RSV illness among infants in the placebo arm and 100 cases (=1000 × 0.2 × 0.5) of RSV illness among infants in the vaccine arm.

We considered infant RSV illness within the first months to be a mediator on the causal pathway of maternal RSV vaccine protection against recurrent childhood wheezing since these early RSV illnesses occur within the vaccine-preventable time frame and are associated with the highest acute morbidity ([Fig. 1](#f0005){ref-type="fig"}). That is, the ability of RSV vaccination during pregnancy to prevent later recurrent childhood wheezing would operate through the reduction in early RSV illness during the first months of life. If the baseline risk of recurrent wheezing at 3 years, *w*, is 5% among infants who do not experience an early RSV illness, and 20% among those who do, this would imply a 4-fold relative increase in the risk resulting in a risk ratio *RR~RW~* of 4. (The subscript RW is used to denote the risk ratio of [R]{.ul}SV illness associated with [w]{.ul}heezing illness). In the placebo arm, applying these risks to the 200 and 800 infants with and without RSV illness, respectively, results in 80 total cases of recurrent wheezing among infants in the placebo arm ((200 × 0.20 + (800 × 0.05)). Among infants born to RSV-vaccinated mothers, 900 will have a 5% risk of developing the recurrent wheezing, and 100 will have a 20% risk, for a total of 65 cases ((900 × 0.05) + (100 × 0.2)). In this hypothetical scenario, maternal RSV immunization reduced the risk of childhood wheezing from 80 per 1000 (placebo arm) to 65 per 1000 (vaccine arm), for a risk ratio associated with vaccination (*RR~VW~*) of 0.81 (= 65 per 1000 ÷ 80 per 1000) ([Fig. 2](#f0010){ref-type="fig"}). (The subscript VW is used to denote the risk ratio of [v]{.ul}accine associated with [w]{.ul}heezing illness, or the vaccine effect size). We used estimates from the literature supplemented by expert opinion to inform the following parameter inputs for our model: (1) baseline attack rate of severe early RSV, *r*; (2) vaccine efficacy, *VE*; (3) risk of recurrent wheezing during childhood, *w*; and (4) risk ratio for recurrent wheezing according to early RSV illness, *RR~RW~* ([Fig. 1](#f0005){ref-type="fig"}). We also considered two allocation schemes, 1:1 and 2:1.Fig. 1Theoretical causal diagram for the relationships between maternal RSV vaccination, severe early infant RSV- lower respiratory infections, and later recurrent childhood wheezing. The diagram illustrates how maternal vaccination against RSV may prevent the development of recurrent childhood wheezing (the endpoint) through preventing an early severe RSV-related lower respiratory infection (LRI) during infancy (the mediator). Links between elements in the diagram and parameters in the sample size study are described in the blue caption boxes. The sign labelling each arrow indicates the direction of association as positive (+) or negative (−) between the connecting nodes. If the relationship between early severe RSV-LRI and recurrent childhood wheezing is confounded by a predisposition to respiratory infections, then observational studies estimating the increased risk of recurrent childhood wheezing due to early RSV-LRI may be overestimated.Fig. 2Illustration of the parameters used to estimate risk ratios and sample size in clinical trials of maternal RSV immunization on development of later recurrent childhood wheezing. Each filled dot in this figure represents a mother-infant pair, with the colour representing their RSV infection status and black outline indicating infants who go on to develop recurrent childhood wheezing. There are 100 rows of 10 dots, to represent 1000 mother-infant pairs randomized each to placebo and vaccination. Following the in-text example, 20% of placebo (200 mother-infant pairs; purple dots) acquire early and severe infant RSV vs. 10% in the immunized arm (100 mother infant pairs; purple dots), for a vaccine efficacy of 50%. If early RSV illness increases the later development of recurrent childhood wheezing, then the proportion of children who develop recurrent wheezing will be higher among those with early RSV. This is shown by the higher density of recurrent wheezing cases (black outline) among those with RSV illness (purple dots) vs. those without (blue dots). Summing the wheezing cases, there are 60 cases among the 300 infants who acquired RSV (for a 20% risk) vs. 85 wheezing cases among the 1700 infants who did not acquire RSV (for a 5% risk) giving rise to four-fold increased risk of wheezing in children exposed vs. unexposed to early and severe infant RSV. This example shows 80 cases of childhood recurrent wheezing among the placebo arm vs. 65 among the immunized arm for a risk ratio between vaccination and childhood recurrent wheezing (RR~VW~) of 0·81.

2.2. Baseline attack rate of early severe RSV {#s0020}
---------------------------------------------

Up to two-thirds of infants acquire RSV during their first year of life [@b0025]. Only a proportion of these illnesses is preventable by maternal immunization, as passive protection from maternal antibodies wanes with time and are not expected to exceed 6 months [@b0005]. For simplicity, we assumed that subclinical or mild early RSV illness would have a very weak association, if any, with development of later recurrent childhood wheezing. We found the most stable estimates of severe RSV incidence during this risk period were for infants younger than 6 months of age. Thus, we used estimates of the baseline RSV attack rate during the first 6 months of life that resulted in the more severe outcomes of LRI or hospitalization. In this report, we use "early severe RSV illness" to define RSV illness during the first 6 months of life that resulted in LRI or hospitalization.

A recent meta-analysis estimated that between 6.3% and 16.9% of infants acquired a RSV-related LRI in the first 6 months of life across world income strata [@b0020]. The rate of hospitalization in countries with adequate access to medical care may best reflect the attack rate of the most severe illnesses. RSV-hospitalization estimates for most income strata were greater than 2% between 0 and 5 months of age, with the upper bound of 2.7%. We used values of 2.7%, 6.0%, and 17.0% as attack rates of early severe RSV illness.

2.3. Vaccine efficacy {#s0025}
---------------------

There is no information currently available on the efficacy of candidate maternal RSV vaccines. The WHO Preferred Product Characteristics for RSV Vaccines specifies that a vaccine with 50% efficacy would be favourable, while greater than 70% efficacy would be preferred [@b0005], [@b0010]. We used values of 50.0%, 70.0%, and 90.0%.

2.4. Baseline risk of recurrent wheezing among children unexposed to early severe RSV illness {#s0030}
---------------------------------------------------------------------------------------------

Estimates for recurrent childhood wheezing vary widely across countries and represent the overall rate of recurrent wheezing in a population, independent of early RSV status. We were unable to find global estimates of recurrent childhood wheeze for children aged up to 3 years. As a proxy, we used the International Study of Asthma and Allergies in Childhood (ISAAC) survey which reports the most recent international estimates for "symptoms of severe asthma" among children aged 6--7 years, which was the youngest age group ISAAC studied. Children had these symptoms if they had current wheeze and reported any of the following: ≥4 attacks of wheeze, ≥1 night/week of sleep disturbance from wheeze, or wheeze-affected speech, within the previous year. The global prevalence of these symptoms among this age group was 4.9%, with the highest prevalence in the Oceanic region (9.5%), and the highest centre rate in Costa Rica (20.3%). We used parameter inputs of 4.9%, 9.5%, and 20.0%.

We expect the actual prevalence of recurrent wheezing at 3 years to be higher than the prevalence of these symptoms reported among 6--7 years. Furthermore, these estimates do not account for early RSV exposure status, even though we require estimates among children unexposed to early severe RSV illness. These overall estimates will approximate the estimate among the unexposed when the exposed population is small (i.e., for small baseline attack rates of severe early RSV) or when RR~RW~ is low. Otherwise, they would be overestimates. We therefore chose a wide range of recurrent wheezing prevalence estimates to reflect these opposing measurement uncertainties.

2.5. Risk ratio of recurrent wheezing according to RSV status {#s0035}
-------------------------------------------------------------

If RSV vaccination during pregnancy leads to reduction in later recurrent childhood wheezing, we assume the effect occurs by preventing early severe RSV illness among infants. The gold standard study design for estimating a causal risk ratio between early severe RSV illness and recurrent childhood wheezing would be a RCT of RSV prevention with predefined outcomes, however there have been few such trials conducted [@b0100], [@b0105]. Several observational studies have assessed the risk of recurrent wheezing associated with RSV-related hospitalizations in infancy, but they are at risk of confounding bias, particularly from factors predisposing infants to severe RSV illness and later development of wheezing, such as poor lung function. A 2017 systematic review summarizing these studies reported risk ratios between 1.7 and 3.3 for recurrent wheezing occurring 3--5 years after RSV-hospitalization during infancy [@b0110]. However, risk ratios as high as 4.3 were estimated for recurrent childhood wheezing after only one year of follow-up [@b0110]. We used *RR~RW~* parameter inputs of 1.6, 2.6, and 4.0.

2.6. Calculation of effect size, sample size, and number needed to treat {#s0040}
------------------------------------------------------------------------

For each combination of the parameter estimates (summarized in [Table 1](#t0005){ref-type="table"}), we calculated the risk of recurrent childhood wheezing in each of the placebo and active vaccine arms. From these risks, we calculated *RR*~VW~, the corresponding risk ratio for maternal RSV vaccination and recurrent childhood wheezing. These risk ratios are the effect sizes that a trial would be designed to detect, with larger sample sizes needed to detect smaller effect sizes (i.e., *RR~VW~* closer to 1). We did not consider the time-varying relationships between gestational timing of maternal vaccination, birth, and RSV seasonality [@b0115], as maternal vaccine RCTs with paediatric RSV endpoints are expected to time vaccination to maximize transplacental antibody transport and births occurring during the RSV season.Table 1Parameters used in sample size calculations.VariableValuesRationale for chosen valuesSevere early RSV attack rate2.7%,\
6.0%,\
17.0%While up to two-thirds of infants acquire RSV in their first year of life, many of these infections are subclinical. We assume that the RSV illnesses on the causal pathway to recurrent childhood wheezing are therefore a subset of the more severe illnesses. Shi et al [@b0020] reported comprehensive, regional estimates for RSV-associated lower respiratory infections (RSV-LRI). These estimates span 63.3--168.9 RSV-LRI per 1000 infants (6.3--16.9%, rounded to 6.0% and 17.0% in our models) across the income regions. The lowest estimate (63.3/1000) was for lower-middle income countries, while the highest estimate was from upper-middle income countries (168.9/1000). However, the order of estimates was not aligned with income level (i.e., the lowest income countries had estimates between those of lower-middle income countries and upper-middle income countries). The lowest estimate was 0.7% from lower income countries, which we expect to be spuriously low due to due to decreased healthcare utilisation in such settings.\
Shi et al [@b0020] also provided estimate for RSV-LRI hospitalizations. These estimates were \>20.2/1000 for all income regions except the low-income region. 27.1/1000 (2.7%) reflects the estimate for industrialized regions. This may reflect the most appropriate attack rate if only the most severe RSV-LRI lead to later recurrent childhood wheezing  Vaccine efficacy50.0%, 70.0%, 90.0%There is no information on the potential efficacy on candidate RSV vaccines. However, the WHO specified that a vaccine with 50.0% efficacy would be considered, while greater than 70.0% efficacy is preferred [@b0005]. We also consider a 90.0% efficacy point as an upper bound  Vaccine allocation scheme1:1,\
2:1The allocation scheme denotes the number of mother-infant pairs randomized to receive vaccine vs. placebo. The chosen schemes (1:1 and 2:1) are the most common ones used in randomized controlled trials  Baseline risk of recurrent childhood wheezing4.9%,\
9.5%,\
20.0%Recurrent childhood wheezing prevalence varies substantially by country. The International Study of Asthma and Allergies in Childhood (ISAAC) reported prevalence rates of asthma, recurrent wheezing, and current wheezing for 6--7-year olds and 13--14-year olds [@b1000]. The global rate of recurrent wheezing among 6--7-year olds is 4.9%. Regionally, the highest rate was 9.5% in Oceania, similar to the rate for other English-speaking centres. The highest centre rate was 20.3% in Costa Rica, while the lowest regional rate was 3.2% in Asia-Pacific. For the study we use 4.9%, 9.5%, and 20.0% to cover this range. Sample size requirements will be larger in areas with lower than a 4.9% baseline risk of recurrent wheezing  Risk ratio for the association between early RSV-LRI and recurrent childhood wheezing1.6,\
2.6,\
4.0A 2017 systematic review by Fauroux and colleagues examined the association between early RSV-LRI hospitalization (RSV-h) and asthma/wheezing in Western countries. The RSV-hospitalization occurred before 3 years of age, with most studies looking before 12 months, and asthma/wheezing was measured later, in the shortest studies wheezing was measured after only a year of life, while the longest studies measured asthma 30 years later. Most studies estimated a harmful association (risk ratios \> 1). For studies with follow-up of 6 years or fewer, the provided or calculated risk ratios (RRs) ranged between 0.5 and 4.3. However, these were the RRs for RSV-LRI *hospitalizations*, suggesting that RRs for RSV-LRI *overall* would have been lower. Risk ratios for the studies reported in Fauroux, where the follow-up time is 6 years or less ranged from 0.5 to 4.3. Values used in the sample size calculations: 1.6, 2.6, 4.0

To calculate the sample size required to detect a difference between these risks, we performed a two-sided sample size calculation assuming 80% statistical power and 5% type I error, under a 1:1 or a 2:1 vaccine allocation to active vaccine and placebo arms, respectively. These calculations were performed using the *power.prop.test* function from the *stats* package, and the *bsamsize* function from the *Hmisc* package in R version 3.4.2 [@b0120]. To estimate the number of pregnant women needed to be vaccinated to prevent one case of recurrent childhood wheezing, we calculated the absolute difference in risk of recurrent childhood wheezing in vaccinated and unvaccinated mother-infant pairs (i.e., the number of excess cases per 100 unvaccinated women) and took the inverse of this value.

2.7. Scenario plausibility {#s0045}
--------------------------

While the parameter inputs reflect a range of evidence-based estimates, some combinations of parameter values resulted in scenarios that were unlikely, particularly when multiple extreme parameters were considered simultaneously. Scenarios that combined a baseline risk of recurrent wheezing of 20.0% with a 4.0-fold increase in risk of recurrent wheezing following a severe early RSV illness were categorized as "least likely" since this would imply that 80% of children who had an early severe RSV illness would later develop recurrent wheezing, which we deemed unreasonably high. Furthermore, scenarios that combined a 2.6-fold or 4.0-fold increase in risk of recurrent wheezing and a 17.0% attack rate of early severe RSV illness were categorized as "less likely" or "least likely", respectively. This is because these risk ratios estimates were based on the association between RSV-hospitalization and recurrent childhood wheezing, while 17.0% referred to all RSV-LRIs, not just hospitalizations (which is 6 times higher than the estimated RSV-hospitalization rate of 2.7%). All other scenarios were categorized as "more plausible".

2.8. Data sharing {#s0050}
-----------------

All of the statistical code to perform these calculations and reproduce this manuscript is publicly available on GitHub: <https://github.com/corinne-riddell/RSV-wheeze-sample-size/>.

2.9. Role of funding source {#s0055}
---------------------------

The funders played no role in study design, interpretation of the data, the writing of the report, or the decision to submit the manuscript for publication. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.

3. Results {#s0060}
==========

There were 81 scenarios for each of the 1:1 and 2:1 allocation schemes. Under each scheme, 57 were categorized as more plausible, 9 as less likely, and 15 as least likely due to the presence of extreme parameters considered simultaneously ([Table 2](#t0010){ref-type="table"}). Of all scenarios, 70% had vaccine effect sizes (*RR~VW~*) between 0.9 and 1.0, with effect sizes nearest to 1.0 being the most difficult to detect. The less likely and least likely scenarios had the lowest *RR~VW~* values.Table 2Estimated risk ratios for recurrent childhood wheezing in vaccinated vs. unvaccinated mother-infant pairs across several scenarios.[1](#tblfn1){ref-type="table-fn"}Risk ratio between RSV and recurrent childhood wheezing[2](#tblfn2){ref-type="table-fn"}Attack rate of severe early RSV[3](#tblfn3){ref-type="table-fn"}Percent altered[4](#tblfn4){ref-type="table-fn"}1.62.64.0*Vaccine efficacy of 50%*2.7%1.4%0.990.980.966.0%3.0%0.980.960.9217.0%8.5%0.950.89 (Less likely)0.83 (Least likely)  *Vaccine efficacy of 70%*2.7%1.9%0.990.970.956.0%4.2%0.980.940.8917.0%11.9%0.940.85 (Less likely)0.76 (Least likely)  *Vaccine efficacy of 90%*2.7%2.4%0.990.960.936.0%5.4%0.970.920.8617.0%15.3%0.920.81 (Less likely)0.70 (Least likely)[^1][^2][^3][^4][^5]

The sample size requirements increase as a function of vaccine effect size (*RR~VW~*)**,** becoming larger as the effect size diminishes. [Fig. 3](#f0015){ref-type="fig"} illustrates the required sample size per trial arm for each scenario under the randomization scheme of 1:1. Among the more plausible scenarios, the sample size required per arm ranges between 6196 and 4.7 million, with 75% of plausible scenarios requiring more than 31,060 mother-infant pairs per trial arm, and 47% requiring more than 100,000 mother-infant pairs per trial arm. With a vaccine efficacy of 50%, the plausible scenarios would require at least 20,657 mother-infant pairs per arm to detect an effect of RSV maternal vaccination on recurrent wheezing. Less likely scenarios require between 1159 and 5799 pairs per arm among those with 90% vaccine efficacy, and between 3878 and 19,623 pairs per arm among those with 50% vaccine efficacy. The least likely scenarios require sample sizes ranging between 354 and 39,990 per trial arm. The total sample size under each scenario is provided in [Table 3](#t0015){ref-type="table"}. Larger sample sizes would be required for study designs using 2:1 randomization as compared to 1:1 randomization ([Table 3](#t0015){ref-type="table"}).Fig. 3Minimal sample size required (per trial arm) to detect a difference in recurrent childhood wheezing for mother-infant pairs vaccinated against RSV under a 1:1 allocation scheme across several scenarios. This figure illustrates the estimated risk ratio between vaccination and recurrent wheezing (RR~VW~, on the x-axis) that results from the parameters that define each scenario, indicated by the size, colour, line type, and panel. The corresponding sample size to detect the risk ratio is shown on the y-axis, which is plotted on a log scale. Scenarios classified less likely are indicated with a cross (+), and those classified least likely are denoted with an asterisk (∗).Table 3Estimated risk ratios and total sample size requirements for each scenario according to their randomization scheme.^1^![](fx1a.gif)![](fx1b.gif)![](fx1c.gif)[^6][^7][^8]

[Fig. 4](#f0020){ref-type="fig"} displays the number of women who need to be vaccinated in order to prevent one case of recurrent childhood wheezing under each of the considered scenarios with 1:1 vaccine allocation. Among the more plausible scenarios, at least 54 women need to be vaccinated to prevent one case. Seventy-five percent of these plausible scenarios require at least 147 women to prevent one case, while 25% require more than 503 women. Scenarios classified as less likely require between 20 and 150 women, while scenarios classified as least likely require between 10 and 123 women. The number needed to vaccinate for each allocation scenario is provided in [Table 3](#t0015){ref-type="table"}.Fig. 4Number needed to vaccinate to prevent one case of recurrent childhood wheezing under a 1:1 allocation scheme across several scenarios. This figure illustrates the estimated risk ratio between vaccination and recurrent wheezing (RR~VW~, on the x-axis) that results from the parameters that define each scenario, as indicated by the size, colour, line type, and panel. The corresponding number of pregnant women requiring vaccination to prevent one case of recurrent childhood wheezing is shown on the y-axis, which is plotted on a log scale. Scenarios classified less likely are indicated with a cross (+), and those classified least likely are denoted with an asterisk (∗).

4. Discussion {#s0065}
=============

Most maternal RSV immunization scenarios that we evaluated resulted in very small vaccine effect sizes measuring the impact on recurrent childhood wheezing (i.e., RR~VW~ \> 0.9) in general populations, and they would require unfeasibly large sample sizes to detect significant differences between trial arms. The scenarios considered more plausible required sample sizes of at least 6196 per trial arm, with most of these scenarios requiring substantially larger sample sizes. All of the more plausible scenarios exceed the size of the only current phase III trial of RSV vaccination in pregnant women, which has a total planned sample size of 8618 randomized in 2:1 vaccine to placebo allocation [@b0125]. Our sample size calculations indicate the improbability of RCTs conducted for licensure of RSV vaccines for use by pregnant women in general populations to prevent recurrent childhood wheezing. Trials with asthma endpoints would likely need to be even larger.

While our goal was to inform public health about the potential impact of RSV vaccines during pregnancy, our findings may be generalized to trials of anti-RSV monoclonal antibodies or paediatric RSV vaccination. Two RSV monoclonal antibody RCTs designed to demonstrate prevention of RSV illness in infants were extended to monitor participants for medically-attended wheezing at 3 years [@b0100] or asthma at 6 years [@b0105]. Both trials were powered to detect RSV prevention on a reduction in wheezing days within the first year of life, and not later childhood respiratory outcomes. In a RCT conducted among 2127 Native American infants in the United States, 14.9% of children in the treated group and 14.0% in the placebo group experienced serious early childhood wheezing between 1 and 3 years, of which only 3% in either arm had 3 or more medically-attended wheezing episodes [@b0130]. In the RCT conducted in the Netherlands, of 429 children who were followed to age 6, 10.3% in the RSV prevention arm had physician-diagnosed asthma at 6 years vs. 9.9% in the placebo arm. No difference in mean forced expiratory volume was detected [@b0105]. Our results indicate that these studies were substantially smaller than what would be necessary to demonstrate a significant effect on RSV-caused respiratory outcomes. Furthermore, the small differences in respiratory outcomes across treatment arms suggest that even larger sample sizes would be required if the true RR~RW~ is lower than 1.6, the lower bound of the parameter included in this study.

Whether early RSV illness causes later recurrent wheezing is still unclear. Even assuming a moderate to strong risk ratio of RSV illness associated with wheezing illness (RR~RW~ between 1.6 and 4.0), our calculations indicate that the magnitude of vaccine effect on recurrent wheezing is likely small. However, the global burden of asthma as a lifelong chronic disease is sufficiently large that even a small reduction in asthma incidence would have major public health implications. Alternative study designs can overcome the sample size constraints of RCTs, and have been used to estimate the causal effect of maternal vaccination on a spectrum of childhood outcomes. However, caution should be taken in the design and interpretation of observational vaccine effectiveness studies. For example, confounding by health status led to unrealistic effect estimates of influenza vaccination on pneumonia among the elderly [@b0135], and such studies still influence current global vaccine policy recommendations [@b0140]. More objective measures of wheezing and asthma outcomes, such as physician's diagnosis and lung function studies, can minimize differential measurement bias that can occur with parental reporting [@b0145]. Planning in advance by engaging clinical experts, vaccinologists, and observational research methodologists is crucial to increase the quality and reliability of studies to best inform public health decisions.

Our investigation has its limitations. This analysis did not account for loss to follow-up, which is likely to occur for multiyear studies. For the purposes of our analyses, we assumed a causal link between infant RSV exposure and childhood recurrent wheezing, and the parameter choices represented a range of published estimates. Although we used estimates from systematic reviews, meta-analyses, and ISAAC surveys to obtain parameter inputs for our model, each of these is subject to its own weaknesses. While most stable estimates of severe RSV incidence were only available for infants younger than 6 months of age, passive protection from maternal antibodies wanes with time and may only last up to 2 months of age [@b0070]. Data from the ongoing phase III clinical trial of RSV vaccination in pregnant women will provide valuable information on severe, early RSV attack rate and on vaccine efficacy which may refine our estimates once they are published [@b0125]. To evaluate the risk of recurrent wheezing, we used prevalence estimates for symptoms of severe asthma (which includes recurrent wheezing) for 6--7 year-olds, which likely underestimate the prevalence among 3 year-olds. However, we calculated sample sizes for a wide range of inputs for recurrent wheezing to underscore its uncertainty and worldwide variation. Practically speaking, an even earlier recurrent wheezing endpoint (i.e., at 12--24 months of age) may be desired to keep trial costs and participant attrition low. However, diagnosis of wheezing is subjective and variable at these ages, and we were unable to find suitable disease rate estimates to investigate these earlier endpoints. If studies are planned to consider recurrent wheeze outcomes in children 2--3 years of age, and baseline rates are known, our tables may still provide guidance about whether sample size is sufficient so long as the expected parameter values are close to those we investigated.

A safe maternal RSV vaccine that prevents acute RSV illness in early infancy would be a major public health accomplishment due to the high burden of RSV illness in young children globally. Based on our analysis, RCTs for candidate maternal RSV vaccines undertaken for licensure are unlikely to demonstrate an effect on recurrent wheezing illness due to the large sample sizes needed to demonstrate a significant effect. Further efforts are needed to plan for post-licensure studies to inform public health expectations regarding the impact of RSV vaccines given during pregnancy.

5. Contributors {#s0070}
===============

JRO conceived of the study. CAR and JRO designed the study. CAR, NB, LJB, WDD, DRF, DBF, TG, TVH, JAH, RAK, HN, RCR, TS, PDS, RTS, PW, HJZ, and JRO reviewed model inputs. CAR performed the statistical analyses. CAR and JRO drafted the manuscript. CAR, NB, LJB, WDD, DRF, DBF, TG, TVH, JAH, RAK, HN, RCR, TS, PDS, RTS, PW, HJZ, and JRO critically revised the manuscript. All authors had full access to study data, opportunity to review drafts, and approved the final version submitted for publication.

Appendix A. Supplementary material {#s0105}
==================================

The following are the Supplementary data to this article:Supplementary data 1

Acknowledgements {#s0075}
================

We wish to acknowledge Marc Perut and Erin Sparrow from WHO for their help coordinating aspects of the project. We also wish to acknowledge the following persons for their technical advice on this project: Filip Dubovski (Medimmune), Lynn Finelli (Merck), and Alexander Schmidt (GSK). CAR acknowledges salary support from McGill University's Department of Epidemiology, Biostatistics, and Occupational Health.

Disclaimer {#s0080}
==========

The authors alone are responsible for the views expressed in this publication and they do not necessarily represent the decisions, policy, or views of the World Health Organization.

Funding {#s0085}
=======

This work was supported by the Bill & Melinda Gates Foundation (OPP1114766), which provides financial support to the World Health Organization Initiative for Vaccine Research. The funder had no role in study design; in the collection, analysis and interpretation of data; in the writing of the report; or in the decision to submit the article for publication.

Declaration of interests {#s0090}
========================

Dr. Riddell reports personal fees from WHO Initiative for Vaccine Research during the conduct of the study. Dr. Dupont reports grants from NIH, during the conduct of the study. Dr. Hartert reports grants from NIH, outside the submitted work. Dr. Karron reports grants from National Institutes of Health, outside the submitted work. .Dr. Nair reports grants from Bill and Melinda Gates Foundation, grants and personal fees from Sanofi Pasteur, grants from Innovative Medicines Initiative / Horizon 2020, outside the submitted work.

Dr. Stein reports personal fees from Regeneron, personal fees from Janssen, outside the submitted work. Dr. Zar reports grants from Medimmune, grants from Novavax, grants from Bill & Melinda Gates Foundation, outside the submitted work. Dr. Ortiz reports grants from Bill & Melinda Gates Foundation, grants from World Health Organization Initiative for Vaccine Research and during the conduct of the study. All other authors have nothing to disclose.

ICMJE criteria {#s0095}
==============

All authors attest they meet the ICMJE criteria for authorship.

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.vaccine.2018.10.041>.

[^1]: *Notes*:

[^2]: This table does not present recurrent wheezing, *w*, as a parameter input because it cancels out in the calculation of the risk ratios (implying that these risk ratios hold for every level of baseline risk of recurrent wheezing).

[^3]: The risk ratios (RR~RW~) between RSV illness and recurrent childhood wheezing are estimated based on relationships between RSV-hospitalizations and later development of recurrent childhood wheezing. Scenarios that combined a baseline risk of recurrent wheezing of 20.0% with a 4.0-fold increase in risk of recurrent wheezing following a severe early RSV illness were categorized as "least likely". Scenarios that combined a 4.0-fold or 2.6-fold increase in risk of recurrent wheezing and a 17.0% attack rate of early severe RSV illness were categorized as "least likely" or "less likely", respectively. All other scenarios are considered "more plausible".

[^4]: The largest attack rates (6.0% and 17.0%) are estimated based on the proportion of infants that acquired RSV-LRI between 0 and 5 months from community-based studies, and the smallest attack rate corresponds to the portion of infants aged 0 to 5 months hospitalized for severe RSV.

[^5]: The percent altered is the proportion of infants expected to have their RSV status affected by maternal vaccination during pregnancy in the vaccination arm and can be calculated by multiplying the vaccine efficacy by the attack rate of severe, early RSV illness.

[^6]: *Note*:

[^7]: ^1^Scenarios that combined a baseline risk of recurrent wheezing of 20.0% with a 4.0-fold increase in risk of recurrent wheezing following a severe early RSV illness were categorized as "least likely". Scenarios that combined a 4.0-fold or 2.6-fold increase in risk of recurrent wheezing and a 17.0% attack rate of early severe RSV illness were categorized as "least likely" or "less likely", respectively. "Least likely" scenarios are shaded in dark grey and "less likely" scenarios are shaded in light grey.

[^8]: ^2^In the report text, these abbreviations for the parameters were used: w (baseline risk of recurrent wheezing among unexposed at 3 years), RR~RW~ (risk ratio for RSV- recurrent childhood wheezing), RR~VW~ (risk ratio for vaccination- recurrent childhood wheezing, or the vaccine effect size).
